The GroE chaperonins assist substrate protein (SP) folding by cycling through several conformational states. With each cycle the SP is, in turn, captured, unfolded, briefly encapsulated (t 1/2 ∼1 s), and released by the chaperonin complex. The protein-folding functional form is the US-football-shaped GroEL:GroES 2 complex. We report structures of two such "football" complexes to ∼3.7-Å resolution; one is empty whereas the other contains encapsulated SP in both chambers. Although encapsulated SP is not visible on the electron density map, using calibrated FRET and order-of-addition experiments we show that owing to SP-catalyzed ADP/ATP exchange both chambers of the football complex encapsulate SP efficiently only if the binding of SP precedes that of ATP. The two rings of GroEL thus behave as a parallel processing machine, rather than functioning alternately. Compared with the bullet-shaped GroEL:GroES 1 complex, the GroEL:GroES 2 football complex differs conformationally at the GroEL-GroES interface and also at the interface between the two GroEL rings. We propose that the electrostatic interactions between the e-NH 3+ of K105 of helix D in one ring with the negatively charged carboxyl oxygen of A109 at the carboxyl end of helix D of the other ring provide the structural basis for negative inter-ring cooperativity.
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symmetric | crystal structure | order-of-ligand-addition | encapsulation T he chaperonin proteins GroEL and GroES assist substrate proteins (SPs) to reach their native states, often under conditions when that otherwise spontaneous event does not occur (1) (2) (3) . In the absence of SP GroEL/GroES operates via an asymmetric cycle in which the dissociation of ADP is the ratedetermining step and the predominant species is an asymmetric, bullet-shaped GroEL:GroES 1 complex (4, 5) . The structure of this "bullet" GroEL:GroES 1 complex has long been known (6, 7) and it has been assumed that this is the species that assists protein folding (8, 9) . However, there is much evidence for the involvement of symmetric, "football"-shaped GroEL:GroES 2 complexes (10) (11) (12) (13) (14) (15) (16) (17) (18) . The formation of the football-shaped complex is promoted by SP (5, 17) . Unfolded SP changes the kinetic mechanism, accelerating the rate of ADP/ATP exchange such that the dissociation of ADP is no longer rate-determining (Fig.  1A) (5) . Thus, SP shifts the equilibrium between the footballs and bullets in favor of the former, consequently making them the predominant species (Fig. 1A) (5, 17) .
To elucidate the mechanism of chaperonin-assisted protein folding by the football complex, we investigated the conditions permitting the formation of the football complexes. Using calibrated FRET we show that owing to SP-catalyzed ADP/ATP exchange the football complex efficiently encapsulates SP in both GroEL chambers. Thus, the two rings of GroEL behave as a parallel processing machine, rather than functioning alternately. We also determined structures of two football complexes; one is empty, the other contains encapsulated SP in both chambers. However, encapsulated SP is not visible on the electron density map. Compared with the bullet-shaped complex (1AON), the football complexes differ at the interface between the rings, suggesting a structural basis for negative inter-ring cooperativity.
Results and Discussion SP Promotes the Formation of GroEL:GroES 2 Footballs. A dynamic, SP-dependent equilibrium exists between GroEL:GroES 2 footballs and GroEL:GroES 1 bullets that can be quantified by calibrated FRET (17) . If the two rings of GroEL IAEDANS are first equilibrated with stoichiometric quantities of two tightly bound SPs, malate dehydrogenase (MDH) or ribulose-1,5-bisphosphate carboxylase oxygenase (Rubisco), subsequent addition of ATP and GroES F5M leads to the stoichiometric formation of GroEL: GroES 2 footballs (Fig. 2 A and C) . On a much longer time scale, the footballs revert to GroEL:GroES 1 bullets as the respective SPs fold to their native states (17) . (Fig. 2B) . The resulting stoichiometric binding curves also break at one SP per GroEL 7 (Fig. 2C) , indicating that both rings of the football are occupied by SP QSY7 . Second, in the absence of BeF 3 multiple turnovers are permitted and the GroEL Significance Symmetric, football-shaped GroEL:GroES 2 particles are the species involved in assisted protein folding. Here we show that the two rings of GroEL are simultaneously functional. The GroEL-GroES nanomachine is thus a parallel-processing device and not an alternating engine as previously thought. Crystals of the GroEL:GroES 2 particles containing the ATP analog ADPBeF 3 were prepared both with and without an encapsulated molecule of substrate protein (Rubisco) in each of the central chambers. The structures of both of these GroEL:GroES 2 particles have been solved to ∼3.7-Å resolution. Structural changes in the equatorial plate suggest a mechanism for directly linking the ATP-binding sites of the two rings, thus accounting for inter-ring negative cooperativity.
rings eventually bind both SP QSY7 and GroES F5M (Fig. 3A , green and purple) regardless of the order of addition of the reagents. In the presence of BeF 3 , the cis ring of the acceptor complex is "locked" by ADP-BeF 3 and cis GroEL wt /GroES wt remains spectroscopically silent. Then, only events on the trans GroEL ring are reported. Half as much F5M quenching was seen in the presence of BeF 3 as was seen in its absence (Fig. 3A, blue) , indicating that both rings can be simultaneously occupied by SP QSY7 .
High-Efficiency SP Encapsulation Requires That SP Binding Precede ATP Binding. A mechanism for SP-catalyzed nucleotide exchange (Fig. 1A) has been proposed (17, 19) , which ensures that (i) the machine only embarks on a new round of ATP hydrolysis when SP is present, (ii) the machine avoids the production of the biologically unproductive "empty-football" complexes, and (iii) that encapsulation proceeds with high efficiency. A contrary view in which ATP binding precedes the binding of SP (Fig. S2 ) has been proposed (20) . We tested this proposal by introducing Fig. 3 B and C) using otherwise identical conditions. A control in which GroEL was preincubated ) is the hydrolysis of ATP that occurs in both rings of the symmetric GroEL:GroES 2 football complex, which is consequently the predominant species. reported by the quenching of F5M labeled GroES. The experiments were performed under the same condition as those in A. The bottom yellow trace was generated by also including 1 mM BeCl 2 and 10 mM NaF to restrict the measurement to single turnover condition and was used as 100% SP occupation level. The summary plot of this set of experiment is shown in C as red triangles. (C) Determination of SP (dMDH in red and dRubisco in blue) encapsulation stoichiometry by the GroEL:GroES 2 complex. Two different ways are used: (i) the FRET signal between GroEL IAEDANS and GroES F5M using unlabeled SPs (circles) (primary data of dMDH shown in A and that of dRubisco shown in Fig.S1B ) and (ii) quenching of GroES F5M by SP QSY7 upon SP encapsulation and formation of the GroEL:SP 2 :GroES 2 complex (triangles) (primary data of dMDH shown in B and that of dRubisco in Fig. S1C ).
with a molar equivalent of MDH QSY7 (to GroEL rings) before mixing with ATP, BeF 3 , and GroES F5M established the maximum encapsulation. In three out of four cases where SP and ATP were introduced simultaneously to an empty GroEL ring, at least fourfold excess of [MDH] over [GroES 7 ] is required to occupy 50% of GroEL rings by SP (Fig. 3B, dashed line) . This result confirms that the mechanism in which the binding of ATP precedes that of SP (Fig. S2) 7 ] ratio needed to achieve half occupancy of GroEL rings by SP (Fig. 3C, dashed line) , although there is a slight drop of MDH affinity compared with that of the acceptor state complex (Fig. 3C) .
In normal circumstances the football complexes formed in the presence of SP are dynamic, with a lifetime of ∼1 s, after which time only a tiny fraction (<1%) of the transiently encapsulated SP will have folded to the native state (17) . Under these cycling conditions it is unclear exactly where the SP folds. Nevertheless, the chaperonins function as parallel processing devices and not as alternating machines. Regardless of SP, the football complexes become indefinitely stable in the presence of ADP+BeF 3 , enabling the formation of diffraction-quality crystals.
Overall Structures of the Football Complexes, With or Without
Encapsulated SP. We determined the crystal structures of two GroEL:(ADP-BeF 3 ) 14 :GroES 2 football complexes, one devoid of SP (MT football) (Fig. 1B) and the SP football containing encapsulated Rubisco (Fig. 1B and Table S1) The crystal packing of both football complexes is almost identical. One layer of footballs pack with their sevenfold axis parallel to one another and the footballs in the next layer pack with their sevenfold axis orthogonal to the footballs in the first layer (Fig. S4) . Both football complexes consist of two heptameric GroEL rings, capped by two heptameric GroES "lids." All 14 nucleotide-binding sites on GroEL are saturated with the ATP analog ADP-BeF 3 .
Our biochemical data indicates that the SP football contains Rubisco in both cavities. Given the time for crystal formation it is likely that the Rubisco monomer in the cavity will have assumed a native-like, folded state. However, the encapsulated Rubisco is not visible on the electron density map and does not significantly distort the GroEL/GroES structure overall (rmsd = 0.74; Fig.  S5A ). Here we are dealing with an asymmetric object (Rubisco) in a container of near-sevenfold symmetry (GroEL). So the . This SP-catalyzed ADP/ATP exchange permits efficient SP encapsulation, which is evident from the much lower [MDH]/[GroES 7 ] required to achieve 50% occupancy of the GroEL ring. Assuming that an equilibrium between the unfolded protein and GroEL is established before encapsulation, an apparent dissociation constant of 18 nM was obtained by fitting the green dataset with the quadratic binding equation:
conformation and orientation of encapsulated Rubisco varies between different unit cells in the crystal. For the same reason, an SP-containing bullet complex is also devoid of electron density attributable to encapsulated SP (7).
Structural Plasticity of the Football Complexes. Although both MT footballs and SP footballs seem symmetric, closer inspection reveals that the apical domains of GroEL and the GroES are not truly sevenfold symmetric, but rather pseudosymmetric. The θ plots (19) (Fig. 4 A-C) show that the GroEL apical domains and GroES in both footballs deviate from perfect sevenfold symmetry by up to 10°. We attribute this asymmetry in these football complexes to their intrinsic flexibility, similar to but of a smaller magnitude than the asymmetry in the R state GroEL-ADP 14 (19) . However, the asymmetry in the football complexes is not identical to the asymmetry we observed in the R state. First, the overall degree of asymmetry decreases by 70% in the football complexes compared with the R state (Fig. 4 B and C) . Second, rather than being distributed throughout the entire apical domain, the asymmetry in the football complexes is restricted to several regions of the apical domain. This suggests that when GroES binds to the R state GroEL it gathers GroEL's flexible apical domains together, making GroEL more rigid. Finally, greater asymmetry occurs at the solvent-exposed residues facing the inside of the cavity, indicating that the encapsulated SP is surrounded with a plastic chamber rather than a rigid cage (Fig. 4C and Fig. S6 ). Such plasticity might allow GroEL to closely interact with SPs of different sizes and shapes during encapsulation (21) . In this regard we note that the average b-factor of apical domains in the SP football is lower than that of the MT football (147 Å 2 vs. 225 Å 2 ), which could be caused by SP-GroEL interactions (Fig. S5B) .
None of the apical domains in the football complexes have identical conformations and the interaction at the GroEL/GroES interfaces was heterogeneous. Indeed, no two GroES "mobile loops" have the same conformation, and each GroEL/GroES interface is maintained by a unique set of hydrogen bonds (Fig. 4  D and E) . This is quite different from the GroEL/GroES interface in the asymmetric bullet complex (PDB ID code 1AON) , where, owing to imposed symmetry, all seven GroEL/GroES Fig. 4 . Asymmetry in the football complexes. (A) Definition of asymmetry probe θ. θ is the angle between two vectors: one from the Cα of a residue i to the sevenfold axis and another from the Cα of residue i to the sevenfold axis in the neighboring GroEL subunit. (B) A histogram showing the average deviation from perfect sevenfold symmetry (θ = 360°/7 = 51.4°) for SP footballs, MT footballs (averaged over all 14 subunits), the cis ring of Thermus thermophilus GroEL:GroES 1 (averaged over seven cis subunits) (7) , and the R-ADP structure of a GroEL D83A/R197A mutant (averaged over seven subunits) devoid of the salt bridges that break during the T-to-R allosteric transition in the normal chaperonin cycle (19) . (C) Quantitative θ plots showing that the apical domains and GroES mobile loops (black bars) of both the MT football and the SP football deviate from sevenfold symmetry. Subunit colors are as the same as in A. Also shown (dashed lines) are θ plots of the two most asymmetric subunits of the R-ADP structure. In both football complexes, greater deviations from symmetry occur in solvent-exposed residues of the central cavity (black circles) than in exterior solvent-exposed residues (white circles) (Fig. S6) interfaces consist of the same hydrogen bonds between residues from helix I and the mobile loop of GroES (Fig. 4E, red) .
The nonspecific interactions between GroEL and GroES mobile loops could be important for GroES binding. Before the binding of GroES, both the GroEL apical domains, including helices H and I, and the mobile loops of GroES are extremely flexible (19, 22, 23) . Having a large number of nonspecific interactions in the GroEL/GroES interface would permit the engagement of these flexible partners with fewer entropic costs that a highly specific interaction would entail. For example, T28 on the mobile loop interacts through hydrogen bonds with up to four residues in helices H and I (Fig. 4E) , which increases the probability of GroES capture.
Conformational Changes at the Inter-Ring Interface. Although the football complex encapsulates two SP molecules simultaneously, the two GroEL/GroES cavities do not act independently. Biochemical evidence has shown that the communication between two GroEL rings is crucial for GroES release (24) . When such inter-ring communication is disrupted, as it is in the single-ringed version SR1, GroEL fails to release GroES, SP, and ADP, resulting in a "dead-end" complex (25) .
The crystal structure of the football complex at 3.7-Å resolution allows us to analyze the inter-ring communication during chaperonin's natural catalytic cycle. The two GroEL rings in the football complex communicate through the same two inter-ring interfacial sites, L and R, as previously reported (Fig. 5A , Inset) (6).
The L interface involves interactions between helix D of one subunit with the same helix in the opposite ring. The axes of the two helices D are antiparallel to one another. The C termini of each helix (A109) are slightly offset from one another, across the twofold axis of symmetry ( Fig. 5 B and E) . The R interface involves interactions between helix P of one subunit and the same helix in the opposite ring. The axes of the two helices P are nearly antiparallel to one another and also to the twofold axis of symmetry (Fig. 5 C and F) .
When GroEL/GroES switches from the football complex to the bullet complex, the total contact surface area of L and R interfaces increases only slightly (from 2,232 Å 2 to 2,464 Å 2 ). This change in the inter-ring interface is caused by a reduction in the radius (up to 6 Å) of the equatorial plate of the trans ring (Fig. S7A) plus a slight rotation (up to 8°) of the trans GroEL ring relative to the cis GroEL ring (Fig. S7B) .
We further analyzed the change in electrostatic interactions at both L and R interfaces. Accompanying the release of one GroES, the two interacting D helices at the L interface move closer and twist to established one electrostatic interaction between e-amino group of K105 of the cis ring and helix dipoleinduced charge on the carbonyl oxygen of A109 of the trans ring. (Fig. 5 B and E) . At the R interface, the two helices P move apart and twist so one of the two salt bridges between E461 of the trans ring and R452 of the cis ring breaks (Fig. 5 C and F) .
Structural Basis for Inter-Ring Communication. During the chaperonin's natural catalytic cycle, the dissociation of GroES from the football complex requires the hydrolysis of ATP and the development of nucleotide asymmetry (i.e., the difference in the number of ATPs hydrolyzed between two GroEL rings) (17) . We propose that helix D senses and transmits the signal of ATP hydrolysis and ATP asymmetry by exploiting the helix dipole that is positively charged at the N-terminal G88 and negatively charged at the C-terminal A109 (Fig. 5 A and D) .
Before the football complex hydrolyzes ATP and releases GroES, the N terminus of helix D (G88) in the two GroEL subunits from opposite rings both form electrostatic interactions with the ATP γ-phosphate (Fig. 5 A and G) . The interaction between γ-phosphate and the N terminus of the two helices D draws the two helices apart from one another (arrows in Fig.  5G ). Once ATP in one subunit is hydrolyzed and the γ-phosphate is released, helix D in that subunit moves closer to helix D in the other ring and a cross-ring electrostatic interaction forms between A109 and K105 (Fig. 5G) . As more ATP is hydrolyzed and a critical number of cross-ring A109-K105 interactions is reached, one or the other GroES departs (16) .
The mechanism of inter-ring communication in the football complex is quite different from a previously proposed model that is based on the comparison between the interfaces of apo-GroEL and the bullet complex (8) . However, our current understanding of the chaperonin cycle (Fig. 1A) assigns no role whatsoever to apo-GroEL. Exactly how the events at the equatorial plate are transmitted to the apical domains leading to the dissociation of GroES is yet to be determined, however.
Methods
Calibrated FRET-based spectroscopic methods were developed to measure the number of both GroES and SP molecules bound to the symmetric GroEL:GroES 2 football complexes (5, 17, 26) . SP QSY7 was shown to quench GroES F5M only when both are bound to the same GroEL ring (SI Methods). Stable football particles were obtained by using BeF3 to arrest the natural chaperonin cycle at the football stage, permitting the formation of crystals of MT and SP footballs that contained a molecule of encapsulated Rubisco in each central chamber (SI Methods). The structures of the MT and SP footballs were solved by segmented molecular replacement using AutoMR, Refine, and Coot in PHENIX suites (27) , using the cis-GroEL ring (PDB ID code 1AON) as the search model. Hydrogen bonds, salt bridges and interface surface areas are analyzed using PISA (28) .
Note Added in Proof. The results of contemporaneous studies of chaperonin football complexes from E. coli and from human mitochondria have recently been deposited in the PDB under 3WVL and 4PJ1, respectively.
